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Abstract

Breast cancer remains the most commonly diagnosed cancer and the leading cause of cancer death in women
worldwide. Numerous studies have explored various plant extracts as anticancer agents, targeting specific and effective
cancer cell death pathways. This study aims to utilize in vitro and in silico approaches to evaluate the anti-breast cancer
activity of Strychnos lucida and predict the molecular mechanisms of its active compounds. In vitro studies were
performed by determining the total content of phenolics, flavonoids, terpenoids and alkaloids, examining toxicity and
selectivity, apoptosis assay using Annexin V/PI and apoptosis morphology analysis using SEM, mitochondrial membrane
potential (MMP) analysis using MitoTracker on T47D cells. In silico studies were used for compound analysis, anticancer
compound candidate selection, target protein prediction, functional annotation, molecular docking and molecular
dynamics simulation. The results of the in vitro study showed that phenolics were the class of compounds with the highest
content in the S. lucida stem extract. The extract exhibited toxicity against T47D cells with an 1Csq value of 734.79 pg/mL
and general cytotoxicity against TIG-1 cells. The extract was able to induce apoptosis and changes in MMP in T47D
cells. In silico study of S. lucida based on the KNApSAcK database contains 23 metabolites consisting of alkaloid,
phenoalic and glycoside groups. Six compounds are predicted to have anticancer activity, namely 3-O-caffeoylquinic acid,
adenosine, loganine, secoxyloganin, sweroside and tachioside. These compounds target proteins associated with cancer
development pathways, such as apoptotic pathways and the MAPK signaling pathway, and are predicted to inhibit cancer
cell growth and induce apoptosis through their interaction with MAPK9 and MAPK3. S. lucida stem extract shows
promising potential as an anticancer candidate; however, further in vitro studies are required to elucidate the specific
mechanisms of action of its bioactive compounds in inhibiting breast cancer cells.

Keywords: Strychnos lucida, In vitro, In silico, T47D, Breast cancer, Apoptosis, MMP, MAPK9, MAPK3, 3-O-
caffeoylquinic acid

Introduction

Breast cancer is the most widely diagnosed type of third of all types of cancer affecting women [1,2]. In
cancer and the most common cause of cancer-related numerous low-income and developing countries,
death in women worldwide, with a prevalence of one- including Indonesia, 50 - 80 % of breast cancer cases are
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diagnosed at an advanced stage. At this point, the
malignancy is often more challenging to manage,
resulting in increased treatment costs and in many
instances, leading to an incurable condition. [2]. Cancer
treatment is commonly administered through surgical
procedures, radiation therapy, and chemotherapy.
However, these approaches can lead to considerable
adverse effects, including elevated morbidity rates, the
development of treatment resistance, and toxicity to
normal cells. Consequently, there is a continuing search
for effective alternative cancer therapies that provide
lower morbidity, shorter recovery times, and non-
invasive options [3,4].

In breast cancer, growth factors and chemokines
activate multiple signaling cascades in a cross-talk
manner involving receptor tyrosine kinases (RTKS) in
the tumor microenvironment leading to cancer
progression. RTKs are a group of single-pass
transmembrane proteins that are expressed in various
cell types including the tumor microenvironment. [5]. In
addition, overexpression in breast cancer of various
types of RTKs was found to be associated with increased
aggressiveness of breast cancer [5,6]. Ligand binding
causes conformational changes in RTKs that induce
activation of important downstream  signaling
molecules, including mitogen-activated protein kinase
(MAPK), Janus kinase/signal transducer and activator
of transcription (JAK/STAT), and phosphoinositide 3-
kinase (PI3K/Akt). RTK - regulated pathways play a
key role in various aspects of cancer development,
inducing cancer stem cell (CSC) phenotypes, as well as
resistant responses to therapeutic regimens [5,7].

Currently, natural herbal medicines are gaining
increased attention from researchers and the public due
to their elucidated mechanisms of action, reduced side
effects, and cost-effectiveness, leading to a growing
interest in their potential application as therapies for
cancer [8,9]. Strychnos lucida, locally referred to as
Doro Putih or Songa, is a species within the
Loganiaceae family that has long been utilized as a
traditional medicinal resource in Bali and West Nusa
Tenggara, Indonesia. S. lucida have a small tree; it can
reach 30 cm in diameter and up to 12 m in height with a
bitter taste of all parts of the plant. S. lucida is
traditionally used by the local people to prevent and
manage several diseases, including malaria, diabetes,
inflammation, and

cardiovascular ~ problems.

Phytochemical studies reported that S. lucida contains
many active constituents such as beta-colubrine,
brucine, brucine N-oxide, chlorogenic acid, diaboline,
loganin, phyllamycin A, secoxyloganin, strychnine,
strychnine N-oxide [10,11]. These compounds have
demonstrated anticancer activity via various apoptotic
mechanisms, including cell cycle inhibition, caspase
pathway activation, and suppression of the MAPK
signaling pathway [12-15].

Previous studies investigating the anticancer
potential of bioactive compounds from S. lucida,
particularly in relation to breast cancer, are still limited
and insufficiently explored. Studies employing in vitro
and in silico approaches to evaluate the potential of S.
lucida as an anti-breast cancer agent are particularly
effective for assessing the bioactivity of its compounds
and elucidating the specific molecular mechanisms
responsible for the cancer-inhibitory properties of its
bioactive constituents. This study aims to assess the
therapeutic efficacy of S. lucida stem extract against
T47D breast cancer cell lines through of in vitro and in
silico approaches.

Materials and methods

Extraction

The simplicia of S. lucida stem (Batch No.
220317.DRP.MLG.001) was obtained from the Herbal
Materia Medica Laboratory, Batu, East Java, Indonesia.
A total of 6 g of S. lucida simplicia and 60 mL of 96 %
ethanol (1:10) were placed into a microwave-assisted
extraction (MAE) vessel (Anton Paar, Austria). The
MAE system was operated under the following
conditions: The temperature was raised to 50 °C over 5
min, held at 50 °C for 15 min, and then cooled over 5
min, with a power setting of 1,500 W. After extraction,
the filtrate was filtered using Whatman filter paper, and
the solvent was evaporated using Rotary Evaporator
Hei-VAP Expert (Heidolph, Korea) at 50 rpm and 50
°C. The resulting extract was obtained as a paste and
stored at 4 °C.

Determination of total flavonoid content

The total flavonoid content was determined using
the aluminum chloride (AICls) colorimetric method and
expressed as milligrams of quercetin equivalent per
gram of extract (mg QE/g). A 50 pL aliquot of the S.
lucida stem extract (1 mg/mL) or standard solution
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(1.5625 - 400 pg/mL) was mixed with 150 uL of 96 %
ethanol and 10 pL of 10 % AICls. Subsequently, 10 uL
of 1M sodium acetate (CHs:COONa) was added, and the
mixture was incubated for 40 min at room temperature
in the dark. Absorbance was measured at 405 nm using
Multiskan SkyHigh Microplate Spectrophotometer
(Thermo Fisher Scientific, USA), and the total flavonoid
content was calculated based on the quercetin standard
curve [16,17].

Determination of total phenolic content

The total phenolic content was determined using
the Folin-Ciocalteu method and expressed as milligrams
of gallic acid equivalent per gram of extract (mg GE/g).
A 10 pL aliquot of the S. lucida stem extract (1 mg/mL)
or standard solutions (1.5625 - 400 pg/mL) was mixed
with 100 uL of Folin-Ciocalteu reagent (1:10, v/v).
Subsequently, 1 uL of 7.5 % sodium carbonate
(Na2COs) solution was added, and the mixture was
incubated for 90 min at room temperature in the dark.
Absorbance was measured at 725 nm using Multiskan
SkyHigh Microplate  Spectrophotometer (Thermo
Fisher Scientific, USA), and the total phenolic content
was calculated based on the gallic acid standard curve
[16,17].

Determination of total terpenoid content

The total terpenoid content was determined using
linalool as a standard (0 - 63.66 pg/mL), following a
modified method from Lukowski et al. [18]. A 1 mL of
S. lucida stem extract (3 mg/mL) or linalool standard
solution in methanol was added to a test tube along with
3 mL of chloroform, followed by homogenization using
a vortex mixer. Subsequently, 500 uL of concentrated
sulfuric acid (H2SO4) was slowly added, and the mixture
was incubated at room temperature for 4 h in the dark.
After incubation, a reddish-brown precipitate formed,
which was retained. Then, 500 puL of 96 % methanol was
added to the precipitate, and the mixture was vortexed
until homogeneous. A 150 pL aliquot of the mixture was
transferred to a 96-well plate, and absorbance was
measured at 538 nm using Multiskan SkyHigh
Microplate  Spectrophotometer ~ (Thermo  Fisher
Scientific, USA). The total terpenoid content was
expressed as milligrams of linalool equivalent per gram
of extract (mg LE/g) based on the regression equation
from the linalool standard curve.

Determination of total alkaloid content

The total alkaloid content of S. lucida stem extract
was determined using bromocresol green (BCG),
following a modified method of Tan (2018). BCG (69.8
g) was dissolved in 3 mL of 2N NaOH and 5 mL of
distilled water, and the solution was heated until fully
dissolved. The extract (2 mg/mL) was dissolved in 2N
HCI, filtered, and the pH was adjusted to neutral using
0.1N NaOH. A 1 mL aliquot of the extract solution and
standard atropine solution (0 - 16,670 pg/mL) was added
to 5 mL of BCG solution and 5 mL of phosphate buffer,
and the mixture was homogenized. An equal volume of
chloroform was then added, followed by vigorous
shaking until a yellow complex formed at the bottom of
the solution. The absorbance of both the standard and
sample was measured at 470 nm using Multiskan
SkyHigh Microplate  Spectrophotometer (Thermo
Fisher Scientific, USA). The total alkaloid content was
expressed as milligrams of atropine equivalent per gram
of extract (mg AE/g), calculated using the regression
equation of the atropine standard curve [19].

Compound data mining

The active compounds present in the stems of S.
lucida were sourced from the KNApSAcK database
(http://www.knapsackfamily.com/KNApSAcK/), a
comprehensive plant metabolite repository that includes
data on 20,741 species and 50,048 metabolites [20]. The
canonical SMILES representations for these compounds
were retrieved from the PubChem database
(https://pubchem.ncbi.nim.nih.gov/).

Bioactivity and drug likeness screening

The prediction of cancer-related biological
activities of the active compounds in S. lucida was
conducted using the PASS Online web server
(https://www.way2drug.com/passonline/) [21].
Pathway activities were selected based on their
functions as anti-breast cancer agents, including
anticancer activity, chemoprevention, treatment of
proliferative diseases, JAK2 expression inhibition,
TP53 expression enhancement, chemoprotection,
apoptotic agonism, stimulation of caspase 3 and caspase
8, DNA synthesis inhibition, antimetastatic properties,
antineoplastic effects, and inhibition of MMP9
expression. Compounds predicted to exhibit anticancer
activity were further evaluated for drug-likeness using
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the SWISS ADME web server
(https:/iwww.swissadme.ch/), which assesses medicinal
properties based on the Lipinski, Ghose, Veber, Egan,
and Muegge rules [17].

Proteins target prediction

Compounds from S. lucida that demonstrated
potential anticancer activity and met drug-likeness
criteria were further subjected to target protein
prediction. Protein targets were identified using The
Comparative Toxicogenomics Database (CTD) [22].
Predicted target proteins were subsequently analyzed for
both direct and indirect protein-protein interactions
using STRING 12.0 (https://string-db.org/).
Visualization and sub-network analyses of these
interactions were performed using Cytoscape 3.8.2.
Proteins were ranked based on betweenness centrality, a
metric used to evaluate a protein’s significance in
mediating interactions within the network, which
facilitated the identification of critical target proteins
[23].

Functional annotation

Functional annotation of the target proteins was
conducted using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) web
server  (https://david.ncifcrf.gov/). The analysis
incorporated data from the Gene Ontology (GO)
database, which classifies genes according to three
domains - molecular function, biological process, and
cellular component - and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway database, which
maps genes according to their involvement in cellular
pathways [24].

Molecular docking

Molecular docking was conducted to confirm the
binding interactions between the compounds and target
proteins. The three-dimensional (3D) structures of the
proteins were retrieved from the RCSB Protein Data
Bank (https://www.rcsb.org/). Biovia Discovery Studio
2019 software (Dassault Systémes, San Diego, CA,
USA) was utilized to remove water molecules and
contaminant ligands from the protein structures. The 3D
structures of the selected compounds from S. lucida
were obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) and preprocessed

using OpenBabel [25] integrated into PyRx 0.8
software. Specific docking was performed at the active
sites of each protein using AutoDock Vina software [26]
within PyRx 0.8. The resulting complexes from the
docking analysis were visualized using Biovia
Discovery Studio 2019 software.

Molecular dynamics simulation

Molecular dynamics simulations were conducted
using YASARA (Yet Another Scientific Artificial
Reality ~ Application) software, employing the
AMBERZ14 force field. The simulation parameters were
set to mimic physiological cell conditions, including a
temperature of 37 °C, pH 7.4, pressure of 1 atm, and a
salt concentration of 0.9 %, and were run for 20 ns.
Macro programs were utilized to evaluate the stability
of the protein-ligand interactions: md_run for executing
the simulation, md_analyze for root mean square
deviation (RMSD) analysis, and md_bindingenergy for
assessing the binding energy of the protein-ligand
complex during the molecular dynamics process [17].

Cell culture preparation

T47D breast cancer cells and TIG-1 human
fibroblast cells were obtained from the Laboratory of
Animal Physiology, Structure, and Development at the
Department of Biology, Faculty of Mathematics and
Natural Sciences, Universitas Brawijaya. The T47D
cells were cultured in RPMI 1,640 medium (Gibco,
USA), while TIG-1 cells were cultured in MEM
medium (Gibco, USA), both supplemented with 10 %
fetal bovine serum (Gibco, USA) and 1 % penicillin-
streptomycin (Gibco, USA). The cells were maintained
at 37 °C with 5 % CO..

Cell viability assay

T47D and TIG-1 cells line were seeded at a density
of 7,500 cells/well and incubated at 37 °C with 5% CO-
for 24 h. Cells were subsequently treated with varying
concentrations of S. lucida stem extract (0, 160, 320, 640
and 1,280 pg/mL) for 24 h. Following incubation, the
treatment medium was replaced with fresh medium
containing 5 % WST-1 reagent (Sigma-Aldrich, USA),
and cells were further incubated for 30 min. Absorbance
was measured at 450 nm using Multiskan SkyHigh
Microplate ~ Spectrophotometer ~ (Thermo  Fisher
Scientific, USA). Cell viability percentages for T47D
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and TIG-1 were calculated using Eq. (1). The ICso value
was determined by applying linear regression to the
relationship between cell viability percentages and
extract concentrations [16].

AbSsample—AbSplank

Cell viability (%) = x 100% (1)

Abscontrol~AbSplank

To evaluate the cytotoxic selectivity of the extract
against cancer cells, the selectivity index (SI) was
calculated by dividing the average ICso value of normal
cells (TIG-1) by that of cancer cells (T47D) in each
independent experiment, using Eq. (2). SI values greater
than 3 indicate high selectivity of the extract [27,28].

ICs of normal cell

Selectivity index (SI) = 2

ICsq of cancer cell

Apoptosis assay

T47D cells were seeded at a density of 50,000 cells
in 500 pL of culture medium per well in 24-well plates
and incubated at 37 °C with 5 % CO: for 24 h. Cells
were then treated with S. lucida stem extract at
concentrations of Y2ICso, ICso, and 2ICso for 24 h. After
treatment, cells were harvested using the trypsinization
method, stained with FITC-Annexin V/propidium
iodide (PI) (BioLegend, USA), and incubated for 20 min
in the dark at 4 °C. The stained cell suspensions were
analyzed using FACS-Calibur flow cytometry (BD
FACS Calibur, USA) and data were analyzed using Cell
Quest software (BF Bioscience, USA) [29].

Morphological analysis of apoptotic cells

Morphological analysis of T47D cell apoptosis
was conducted using scanning electron microscopy
(SEM) with a modified protocol adapted from Ali et al.
[30]. A total of 25,000 cells were seeded into 24-well
plates containing 500 pL of culture medium and cover
slips pre-coated with carbon tapes, followed by
incubation at 37 °C with 5 % CO: for 24 h. Cells were
treated with S. lucida stem extract at its ICso
concentration for 24 h. After incubation, the treatment
medium was removed, and the cells were washed three
times with PBS. Cells were then fixed with 300 pL of 2
% glutaraldehyde for 20 min and washed again with
PBS, followed by a series of graded ethanol
dehydrations (30, 50, 70, 80, 90 %, and 2 cycles in
absolute ethanol), with each step performed for 1 min.

Post-dehydration, cells were air-dried in a fume hood for
15 - 20 min, sputter-coated with gold using the Quorum
Q300TD, and examined under a field-emission scanning
electron microscope (FEI Quanta FEG 650) at the
Integrated Research Laboratory - Universitas Brawijaya
(LRT-UB).

Potential membrane mitochondria analysis

Mitochondrial membrane potential (MMP)
analysis in T47D cells was conducted using a modified
protocol based on the method of Pendergrass et al. [31].
Cover slips were first placed in each well of 24-well
plates, after which 25,000 cells were seeded into 500 pul
of culture medium per well and incubated at 37 °C with
5 % CO: for 24 h. The cells were then treated with S.
lucida stem extract at concentrations of %4ICso, ICso, and
21Cso for 24 h. Post-incubation, the cells were washed
three times with PBS. Subsequently, 200 nM
MitoTracker™ Red CMXRos (Thermo Fisher
Scientific, USA) and 100 nM MitoTracker™ Green FM
(Thermo Fisher Scientific, USA), prepared in serum-
free culture medium, were added to each well. The cells
were incubated for 30 min in the dark, followed by three
additional PBS washes. The cells on the cover slips were
then visualized using a Confocal Laser Scanning
Microscope (CLSM) (OLYMPUS FV-1000, Japan) and
analyzed with FluoView version 17a software
(OLYMPUS, Japan).

Statistical analysis

All data were presented as mean * standard
deviation (SD), with each value representing the average
of three independent experiments. Statistical analysis of
the apoptosis and mitochondrial membrane potential
(MMP) assay results was conducted using one-way
analysis of variance (ANOVA), followed by Duncan’s
Multiple Range Test (DMRT) for post-hoc
comparisons. Statistical significance was set at a
probability level of p < 0.05.

Results and discussion

Total bioactive compounds: Flavonoids,
phenolics, terpenoids, and alkaloids in S. lucida stem
extract

Pharmacological analysis of herbal effects as
anticancer agents can be evaluated in vitro and
integrated with bioinformatics approaches to elucidate
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specific molecular mechanisms of potential bioactive
compounds in the inhibition of cancer-related signaling
pathways [9]. The study focused on analyzing the
pharmacological effects of S. lucida stem extracts in
relation to the bioactivity of its compounds in breast
cancer inhibition using an in vitro approach integrated
with an in silico approach to determine the prediction of
anticancer related activities. The ethanol extract of S.
lucida stem was found to have the highest phenolic
content, followed by flavonoids, alkaloids and
terpenoids (Table 1). Phenolic compounds were found
to be the most abundant, with a concentration of 202.917

+ 3.20 mg GAE/g. This indicates that phenols are the
dominant class of bioactive compounds in the extract.
Meanwhile, based on the KNApSAck database, the
compounds in S. lucida stem are dominated by alkaloid
and glycoside compounds, and there are several
phenolic compounds (Table 2). Several studies have
shown that the content of bioactive compounds of S.
lucida, including triterpenoids, phenolics, alkaloids and
flavonoids, are the main classes of compounds detected
in this species, where different parts of the plant and the
place of growth may affect the composition of chemical
components [32].

Tabel 1 Total bioactive content (Flavonoids, Phenolics, Terpenoids, and Alkaloids) in S. lucida stem extract.

Bioactive content

S. lucida stem extract

Total flavonoid content (TFC)

34.056 + 3.14 mgQE/g

Total phenolic content (TPC)

202.917 + 3.20 mgGAE/g

Total terpenoid content (TTC)

3.316 £ 1.05 mgLE/g

Total alkaloid content (TAC)

3.646 £ 0.92 mgAE/g

Note: Data are presented as mean = SD, with each value representing the average of 3 independent experiments

Bioactive compounds based on database,
probable activity and drug-likeness of compounds in
S. lucida stems

Based on the KNApSAcK database, there are 23
bioactive compounds in S. lucida stems, dominated by
alkaloid and glycoside compounds, as detailed in Table
2 and Figure 1. Alkaloid compounds found in S. lucida
are  11-methoxydiaboline; alpha-colubrine; beta-
colubrine; brucine; brucine N-oxide; diaboline;
loganate; pseudobrucine;  pseudostrychnine; and

strychnine. The alkaloid glycosides are loganine;
normacusine B; and picconioside I. The phenolic
glycosides are ligustrinoside; secoxyloganin; staunoside
C; and sweroside. Saponin glycosides are sylvestroside
I; tachioside; and triplostoside A. Two compounds
containing triterpenoid glycosides are acanthoside B and
cantleyoside. There are two phenolic compounds,
namely 3-4-di-O-caffeoylquinic acid and 3-O-
caffeoylquinic acid, and one nucleoside compound,
namely adenosine.

Table 2 Bioactive compounds in S. lucida stem from the KNApSAcK database.

No Compound Formula MW (g/mol) PubChem ID
1 11-Methoxydiaboline C22H26N204 382.189 13994712

2 3,4-di-O-caffeoylquinic acid CasH24012 516.127 5281780

3 3-O-Caffeoylquinic acid C16H1809 354.095 1794427

4 Acanthoside B Ca2sH36013 580.216 443024

5 Adenosine C10H13N504 267.097 60961

6 alpha-Colubrine C22H22N203 364.179 12303796
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7 beta-Colubrine C22H24N203 364.179 251890
8 Brucine Ca3H26N204 394.189 442021
9 Brucine N-oxide C23H26N20s5 410.184 273111
10 Cantleyoside Ca3H46019 746.263 12302406
11 Diaboline C21H24N203 352.179 12312946
12 Loganate C16H24010 376.137 5460138
13 Loganin C17H26010 390.153 87691
14 Normacusine B C19H22N>0 294.173 10469722
15 Picconioside | Ca3H4g018 732.284 274413064
16 Pseudobrucine C23H26N20s5 410.184 3083630
17 Pseudostrychnine Co1H2N,03 350.163 21723446
18 Secoxyloganin C17H24011 404.132 162868
19 Strychnine C21H2N,0; 334.168 441071
20 Sweroside C16H2209 358.126 161036
21 Sylvestroside | Ca3H4g019 748.279 101967019
22 Tachioside C13H180s 302.100 11962143
23 Triplostoside A CasHs2020 792.305 85118299

The selection of compounds in S. lucida stems was
based on bioactivity assessment to predict the probable
activity of compounds in inhibiting cancer progression
using PASS Online. The screening process focused on
compounds with a probability of activity (Pa) value
equal to or greater than 0.3 [21]. Out of 23, 11
compounds met the criteria, namely 3-4-di-O-
caffeoylquinic ~ acid, = 3-O-caffeoylquinic  acid,
acidacanthoside B, adenosine, cantleyoside, loganine,
picconioside I, secoxyloganin, sweroside, sylvestroside

I and tachioside (Figure 1(A)). The eleven compounds
were then subjected to a drug likeness screening aimed
at selecting compounds with drug-like properties with a
violation value of not more than 2 (Figure 1(B)). Out of
the 11, 6 compounds met the characteristics of drug
compounds, namely  3-O-caffeoylquinic  acid,
adenosine, loganine, secoxyloganin, sweroside and
tachioside (Figure 1(C)). The selected compounds were
further evaluated by molecular docking analysis.
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Figure 1 Profile of Bioactive Compounds in S. lucida Stem. (A) Bioactivity of compounds based on PASS Online
analysis. (B) Drug-likeness screening of compounds based on Lipinski, Ghose, Veber, Egan and Muegge rules. (C) Six
selected compounds meeting the parameters of probable activity and drug-likeness.

Protein target prediction of bioactive
compounds in S. lucida stems and functional
annotation related to cancer cell development

The protein target prediction yielded a total of 21
candidates, which were then analyzed using the
betweenness centrality method. Betweenness centrality
is derived from the proportion of shortest paths between
2 nodes that pass through the node under examination.
In the context of protein-protein interaction (PPI)
networks, target proteins with critical functional roles
typically exhibit higher betweenness centrality values
compared to others. This metric reflects the extent to
which a protein serves as a bridge within the network.
The betweenness value is determined based on the
constructed multilayer network, representing the
probability of a protein layer node being traversed
during the network’s dynamic processes [33,34]. The
results from the proteins interaction identification
analysis showed that 14 target proteins exceeded the

score, starting from the top: TP53, CASP8, IL-6,
CDKN1B, MAPK9, MAPK3, RELA, BCL-2, CASP3,
FOS, MAPKS8, MAPK1, JUN, and CCND1 (Figure
2(A)). Among these proteins, proteins that play a role in
the MAPK pathway are potentially inhibited in the
cancer progression pathway. Mitogen-activated protein
kinases (MAPKs) are key regulators of cellular
signaling, playing critical roles in many cellular
processes including cell division/survival,
differentiation, migration, transformation, gene
expression, apoptosis and stress response [35,36].
Hyperactivation of the RAS/RAF/MAPK signaling
pathway plays a critical role in cancer progression, and
the development of targeted therapies against this
pathway has demonstrated varying degrees of
effectiveness across different cancer types [36].
Therefore, MAPK9, MAPK3, and MAPKS8 were
selected as the 3 primary target proteins based on their
ranking according to betweenness centrality values.
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All target proteins have a role in cancer cell
development based on GO analysis and KEGG pathway
(Figure 2(B)). The biological process (BP)-related GO
analysis showed the involvement of the target proteins
in apoptotic process, positive regulation of apoptotic
process, intrinsic apoptotic pathway in response to DNA
damage, apoptotic pathway, MAPK cascade and cell
cycle regulation. According to the KEGG pathway, the
target protein plays a role in various cancer-related
signaling pathways such as apoptosis, MAPK signaling
pathway, breast cancer signaling pathway, PI3K-Akt,
estrogen, p53, and JAK-STAT signaling pathway.

Molecular interaction among the bioactive
compounds in S. lucida and the target proteins
MAPK9, MAPK3, and MAPKS8

Molecular docking simulations were performed on
6 bioactive compounds with 3 types of target proteins,
as shown in Table 3. Docking results with the most
negative binding affinity values between target proteins

and bioactive compounds from S. lucida were found in
MAPK?9 and 3-O-caffeoylquinic acid (binding affinity
—8.1 kcal/mol), MAPKS3 with loganin, secoxyloganin,
and sweroside (binding affinity —8.0 kcal/mol), and
MAPKS and 3-O-caffeoylquinic acid (binding affinity
—7.4 kcal/mol). 3-O-Caffeoylquinic acid binds to
MAPK9 by forming 4 hydrogen bonds and 2
hydrophobic bonds with the same residue as the control,
Aspl69. The results of docking with MAPK3 show that
loganin has the most residues in common with the
control, namely Met125, Lys131, Aspl28, Asnl71.
Loganin binds to the active site of MAPK3 by forming
4 and 6 hydrophobic bonds. In addition, 3-O-
caffeoylquinic acid binds to the active site of MAPK8
by forming 2 and 3 hydrophobic bonds with the same
residue as the control, Serl55. The most negative
binding affinity value from the docking results and the
same number of amino acid residues as the control are
the basis for selection for further molecular dynamics
simulations (Figure 3).

Table 3 Molecular docking simulation result - The interaction between MAPK9, MAPK3, MAPKS, and Ligand.

Binding affinity

Protein target Ligand Hydrogen interaction Hydrophobic interaction
g g (kcal/mol) yarogd yarop
Control [37] —7.6 Arg189, Thr188, Asp169 Val187, Asp151, Arg69, Arg72
Loganin —6.7 Gal37, Arg72, Asp169 Leul72, Tyrl85
MAPK?9 g g 4
PDBID:30pC 5 o Caffeoylquinic acid® 81 GIu73, Aspl69, Lys55, Met111 Vald0, Met108
GIn37, Lysb55, Arg69, Arg672, Asp151,
Adenosine -6.8 4 g g P

Aspl69, Gly171
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Binding affinity

Protein target Ligand Hydrogen interaction Hydrophobic interaction
g g (kcal/mol) ydrog ydrop
. Lys153, Tyr185, GIn37, Arg69, Arg72,
Secoxyloganin -6.7
Argl74, Leul72, Alal73, Aspl51
. Val158, Met111, Met108, Val40,
Sweroside —7.6 Thr183, Ala53, Lys55, Glu73, Asp169
Leul68, Phel70
Tachioside —7.6 Glu73, Ala53 Aspl69, Phel70, Val40, Leul68
Lys131, Aspl128, Serl70, Asnl71,
Control [38] 83 b e
Cys183, Met125
. Val56, Cys183, Leul73, 1le48,
Loganin -8.0 Met125, Lys131, Aspl28, Asnl71l
Lys71, GIn122
3-O-Caffeoylquinic acid =75 Lys131, Glu50, Asp184 Leul73, Val56, Ala69, Lys183
Ser170, Aspl184, 1le48, Lys131,
MAPKS3 Adenosine -7.9 P =ysss
PBD ID: 2zoq Asp128, Met125
Secoxyloganin® -8.0 Aspl84, Asp128, Lys131 Cys183, Leul73, Ala69, Valss,
yieg ' PL6%, ASpLes, Lysisd Lys71, Asnl71, Met125
Sweroside” 8.0 Ser170, Asp128, Aspl84 Asn17L, Lys1s1, Cys183,
' 1 2305, AP Leul73, Val56, Ala69
L. Lys131, Cys183, Leul73, Ala69,
Tachioside 7.7 Asp128, Glu50, GIn122
Val56
11e32, 11e86, Val158, Val40,
Control [39] -10.8 Ser 155
- Ala53, Leul68, Met108
. Ala53, Val40, Leul68, Val158,
Loganin -7.1 Ser155, Asnl14, Alall3
11e32, Leull0
3-O-Caffeoylquinic acid” 7.4 Metl111, Ser155 Vall58, Leul68, Ala53
MAPKS Ad i 6 Arg69, Leul72, Gly171
PDB ID: 4glw enosine rg69, Leul72, Gly
. Gly38, Lys55, Phel70, Gly171,
Secoxyloganin —6.4
Aspl69
Sweroside -7 Lys55, Leul68 Phel70
Tachioside -6.1 Lys55, Arg72 Glu73

*Bioactive compounds in S. lucida with the most negative binding affinity when interacting with target proteins compared to other

compounds.
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Figure 3 Molecular docking simulation results of target protein, control, and the selected S. lucida bioactive compound

with the most negative binding affinity

Stability of interactions between bioactive
compounds in S. lucida and the target proteins
MAPK9, MAPK3, and MAPKS

Molecular dynamics analysis to determine
conformational stability and binding between ligands
and proteins in terms of structural stability,
conformational flexibility and folding. Molecular
dynamics simulations were performed for 20 ns to
evaluate the RMSD value and binding energy between
protein-ligand [40]. The results of the molecular
dynamics analysis showed that the RMSD values of the
protein-ligand complexes of the S. lucida compounds
had relatively stable RMSD values, especially the
MAPK?9 complex and its ligand showed stable motion

during the simulation. Loganin has a more stable RMSD
value compared to the control, because the RMSD
movement value of the control ligand after binding to
MAPKS3 increases from the beginning of the simulation
to the end of the simulation. Meanwhile, the RMSD of
the movement of the 3-O-caffeoylquinic acid ligand
after binding to MAPKS8 increases at ~7 ns, but
stabilizes again from ~12 ns to the end of the simulation
(Figure 4(A)). The average RMSD value of each S.
lucida compound protein-ligand complex remained
below 3 A throughout the simulation process, indicating
that the simulated system has good stability and does not
deviate much from the initial structure [17,40].
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Figure 4 Molecular dynamics simulation results of target protein, control and the selected S. lucida bioactive compound.
(A) Root mean square deviation (RMSD) of the protein-compound complex. (B) Molecular dynamics binding energy of

each complex.

The results of the molecular dynamics binding
energy analysis show that the MAPK9 - 3-O-
caffeoylquinic acid and MAPK3 - loganin complex
interactions have binding energy values that are more
stable than the control and have more positive binding
energy values than the control (Figure 4(B)). The
MAPKS8 - 3-O-caffeoylquinic acid complex has a
binding energy value that is much more negative than
the control. The binding energy value is used to
determine the stability of the interaction between
protein-ligand complexes; the more positive the binding
energy value, the more stable the protein-ligand
interaction [17]. Overall, dynamics
simulations show that the interaction between proteins
and compounds present in S. lucida is more stable in the
MAPKQ9-3-0O-caffeoylquinic acid and MAPK3-loganin
complexes, and that these compounds have the potential
to act as inhibitors of related proteins.

Mitogen-activated protein kinase 3 (MAPK3) or
extracellular signal-regulated kinase 1 (ERK1) is a cell
signalling molecule of the ERK/MAPK pathway that
plays a critical role in mediating the transduction of
signals that regulate apoptosis, cell proliferation and cell

molecular

migration through the activation of nuclear transcription
factors such as c-Jun and c-Fos. MAPK3 overexpression
and/or hyperactivity is known to be closely associated
with cancer cell initiation, progression, migration and
drug resistance in several cancers, including liver,

thyroid, lung and gastric cancers [41]. Loganin is a class
of alkaloid glycosides known to reduce the expression
of BCL-2, which can induce cancer cell death, induce
cell cycle arrest and suppress proliferation through the
ERK1/2 pathway, block the PI3K/AKT/mTOR
pathway, and suppress the expression of p-ERK and p-
p38 proteins, resulting in inhibition of MAPK pathway
activation [42]. Functional annotation of the KEGG
pathway also shows that loganin target proteins are
involved in several related pathways such as the MAPK,
PI3K-AKT and JAK-STAT pathways, including the
estrogen signalling pathway (Figure 2(B)). In breast
cancer signaling pathways, activation of MAPK and
PI3K/AKkt pathways by EGFR and HER2 contributes to
ERa phosphorylation, especially ERa phosphorylation
at serine 118 which plays a role in endocrine therapy
resistance. Therapies targeting inhibition of both EGFR
and ERa pathways are more effective than single
treatments targeting ERa to avoid therapy resistance
[43].

Toxicity of S. lucida stem extract on T47D
breast cancer cells

Cytotoxicity assays of S. lucida stem extract
showed an increase in toxicity to T47D cells with
increasing extract concentration, with an ICso value of
734.79 £ 80.99 pg/mL (Figure 5). Previous research
reported that ethyl acetate extract of S. lucida stem can
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inhibit up to 70 % of the viability of the T lymphoblast
cell line MOLT-3 [32]. Studies investigating S. lucida
on cancer cells are still very limited. The potential to
evaluate the bioactivity of compounds in this plant is
still very high. The evaluation related to the selectivity
of the extract on normal TIG-1 cells with an 1Cs, value
of 980.45 + 80.47 ug/mL showed an SI value of 1.33,
which is classified as general cytotoxicity [44].
Maximum cytotoxicity against cancer cells and low
damage to normal cells is a favorable consideration in
the development of cancer therapy, demonstrating the

selectivity of the anticancer mechanism [45]. Despite
the lack of selectivity, the S. lucida stem extract still has
a lower ICsp value on cancer cells. In addition, the severe
reduction in TIG-1 cell viability only occurred above the
concentration 640 pg/mL. This indicates that the
potential toxicity of the extract on cancer cells is
predominant rather than on normal cells. To further
investigate its cytotoxic potential against breast cancer
cells, the extract’s effects on apoptosis and
mitochondrial membrane potential (MMP) were
subsequently assessed.

1509 —@~ T47D cells (ICs, = 734.79 + 80.99 ug/mL)

5

125+

100

% Cell Viability
a o~
o (5]
] 1

N
%))
1

TIG-1 cells (ICs; = 980.45 + 80.47 pg/mL)
Selectivity Index (SI) = 1.33

T T T
0 160 320 480

T
640 800 960 1120 1280

Concentration (ug/mL)

Figure 5 Cytotoxicity of S. lucida Stem Extract on T47D and TIG-1 Cell Lines and its Selectivity Index (Sl). Data are
expressed as mean = SD, with each value representing the average of three independent experiments.

S. lucida stem extract induced apoptosis of
T47D cells

Apoptosis induction of S. lucida stem extract on
T47D cells was evaluated using propidium iodide (PI)
and annexin V to determine the relative number of live,
apoptotic and necrotic cells. Meanwhile, the
morphology of apoptosis in T47D cells was assessed
using SEM. Annexin V is capable of binding to

phosphatidyl serine, which translocated to the outer
plasma membrane during apoptosis, whereas P1 binds to
DNA in necrotic cells [46,47]. S. lucida stem extract was
able to induce apoptosis in T47D cells, which increased
with increasing extract concentration (Figure 6(A)).
The highest increase in apoptosis was 16.02 + 3.54 % at
an extract concentration of 1,469.58 pg/mL (Figures
6(A) - 6(B)).
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Figure 6 Induction of Apoptosis in T47D Cells by S. lucida Stem Extract. (A) - (B) Annexin V/FITC-PI assay
demonstrates apoptosis induction in T47D cells following treatment. Bar graphs with different letters denote statistically
significant differences between groups (p < 0.05). Data are presented as mean + SD. (C) SEM images display the
morphological differences between non-apoptotic and apoptotic T47D cells. Cells were cultured directly on carbon tapes

for 24 h. Magnification: 3,000x.

SEM is an excellent instrument for examining
biological specimens and their ultra-structures, which
are not normally visible by light microscopy. To
confirm apoptosis in T47D cells by SEM, cells were
grown directly on carbon tape, cultured and treated, then
fixed, dehydrated and air dried before coating and
observation [30]. The observation showed that S. lucida
stem extract at a concentration of 734.79 pg/mL can
induce apoptosis as indicated by the formation of bleb
on the surface of a cell (Figure 6(C)). Based on the in
silico results, 6 compounds were found to have
anticancer activity related to the apoptotic pathway,
namely 3-O-caffeoylquinic acid, adenosine, loganine,
secoxyloganin, sweroside and tachioside (Figure 1).
The compound 3-O-caffeoylquinic acid, or known as
chlorogenic acid, is a class of phenolic compounds with
pro-oxidative activity, capable of modulating the
production of reactive oxygen species (ROS), disrupting
the mitochondrial membrane potential, as well as
inducing the transcriptional activity of caspase 3,
caspase 8, and caspase 9, leading to the activation of the
apoptotic pathway [48,49]. These results are in line with
the analysis of protein-protein interactions of S. lucida
targets that interact with the MMP2, MMP9, CASP3,
CASP8, and CASP9 protein signaling pathways (Figure
2).

Alteration of mitochondrial membrane
potential (MPP) in T47D cells by S. lucida stem
extract

In addition to assessing apoptosis in T47D cells,
this study also analyzed changes in mitochondrial
membrane potential (MMP). The analysis of MMP in
TA47D cells with extract administration was evaluated
using MitoTracker Red CMXRos and MitoTracker
Green FM, which can represent a relative measure of
MMP and describe mitochondrial function. MitoTracker
Red CMXRos is a red fluorescent dye that stains
mitochondria in living cells and its accumulation

depends on changes in membrane potential.
MitoTracker Green FM is a green fluorescent
mitochondrial dye whose activity is related to

homeostasis disruption and is independent of MMPs
[31,50].

The results showed that S. lucida stem extract can
affect changes in MMP as measured by MitoTracker
Red CMXRos, and the expression intensity of
MitoTracker Green FM tended to increase significantly
in all extract treatment groups (Figure 7). The extract is
known to be able to induce a significant decrease in
MMP at concentrations of 367.40 and 734.79 pg/mL.
The decrease or loss of MMP (Aym) is closely
associated with the activation of cell death pathways or
apoptosis markers [51,52].
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Figure 7 S. lucida Stem Extract Triggers Mitochondrial Membrane Potential (MMP) Changes in T47D Cells. (A) CLSM
observation of MitoTracker Green FM (green) and MitoTracker Red CMXRos expression in T47D cells. Magnification:
800x. (B) The intensity difference of MitoTracker Green FM and MitoTracker Red CMXRos expression upon
administration of S. lucida stem extract. Different letters in the graph indicate statistically significant differences between

groups (p <0.05). Data are presented as mean + SD.

On the other hand, the results also showed that the
extract was able to induce a significant increase in
MMPs at the highest concentration (Figures 7(A) -
7(B)). During apoptosis, MMPs are not only depolarised
following the release of cytochrome ¢ (Cyt ¢), but the
mitochondrial inner membrane can also undergo
transient hyperpolarisation during apoptosis. In general,
mitochondria in cancer cells are hyperpolarised
compared to normal cells. Hyperpolarisation can be
caused by increased intracellular Ca?* levels and
upregulation of the anti-apoptotic protein BCL-2 in
cancer cells. In addition, hyperpolarisation of MMPs in
cancer cells can promote the selective transfer of
mitochondria-targeting drugs into cancer cells, which
can induce cancer cell apoptosis. Mitochondrial
membrane hyperpolarisation as an early event
associated with mitochondria-dependent apoptosis

[53,54]. The increase in MMP by the extract may
indicate the early stages of apoptosis in T47D cells.
The use of herbal based products offers significant
advantages in addressing the complexities of cancer
treatment due to their multi-target mechanisms. In many
cases, single-target drug development fails to provide
optimal therapeutic outcomes or can lead to resistance,
often caused by mutations in the target protein, even
during the initial response to treatment. A more holistic,
multi-target therapeutic approach that takes into account
the multifactorial nature of cancer and the involvement
of protein-protein interactions holds great potential for
advancing cancer treatment strategies [9,55,56]. S.
lucida stem ethanol extract has potential as an anticancer
herbal candidate that can modulate cancer cell death by
several mechanisms, such as pro-oxidative activity of its
bioactive compounds, especially phenols, changes in
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MMP polarization, and inhibition of the MAPK
pathway, which are interrelated and in line with the in
vitro and in silico studies conducted. However, more
extensive studies are needed to elucidate the specific
mechanism of S. lucida stem ethanol extract on the
cancer cell death pathway.

Conclusions

This study focuses on in vitro and in silico
approaches to evaluate the anticancer potential of S.
lucida stem extract on breast cancer cells. Phenolic
compounds were the class of compounds with the
highest content in S. lucida stem extract. There are six
S. lucida compounds that are predicted to have
anticancer activity, namely 3-O-caffeoylquinic acid,
adenosine, loganine, secoxyloganin, sweroside and
tachioside, which are related to anti-cancer pathways
through their interaction with MAPK9 and MAPKS.
The extract was moderately toxic to T47D cells and
generally cytotoxic to TIG-1 cells. The extract induced
apoptosis, while cell morphology analysis revealed the
formation of surface blebs, indicating apoptotic cell
death. The extract can induce changes in MMP and
changes in mitochondrial mass. S. lucida stem extract
has potential as an anticancer candidate based on the
results of in vitro and in vivo studies. However, further
studies are required to elucidate the mechanism of action
of S. lucida bioactive compounds in inhibiting breast
cancer cells, particularly through mitochondria-related
death pathways and MAPK pathway inhibition.
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